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BaZrC>3  Nanoparticles  by  Multilayer 
and  Single  Target  Methods 

Timothy  J.  Haugan,  Member,  IEEE ,  Paul  N.  Barnes,  Timothy  A.  Campbell,  Neal  A.  Pierce,  F.  Javier  Baca,  and 

Iman  Maartense 


Abstract — The  superconducting  properties  of  YBa2Cu307_x 
(YBCO  or  123)  thin  films  doped  with  BaZr03  (BZO)  nanopar¬ 
ticles  by  multilayer  and  single-target  methods  were  studied 
and  compared.  Thin  films  of  123  +  BZO  were  processed  by 
pulsed  laser  deposition  on  LaA103  and  SrTi03  single  crystal 
substrates.  Multilayer  (BZO0.6  nm-1.4  nm/12315  nm)i9  struc¬ 
tures  were  grown  by  alternating  deposition  from  123  and  BZO 
targets,  and  BZO  additions  of  0-2  Vol%  were  deposited  using 
(123i_xBZOx)  single- targets.  The  multilayer  and  single-target 
methods  of  BZO  addition  caused  significant  differences  of  su¬ 
perconducting  transition  temperatures  (Tc)  measured  by  AC 
susceptibility,  and  critical  current  densities  (Jc)  measured  by 
both  magnetic  and  transport  methods  as  a  function  of  temperature 
(T),  applied  magnetic  field  (H)  and  angle  of  H  field  incidence  ( 6 ). 
Single-target  films  had  almost  linear  decrease  of  Tc  and  self-field 
Jc  with  BZO  vol%  addition,  and  compared  to  multilayer  films 
had  lower  Jc(77  K,  H  <  4  T )  however  had  improved  high-field 
properties  for  Jc(77  K,  H  >  4  T).  Multilayer  films  had  almost 
no  decrease  of  Tc  and  self-field  Jc  for  high  BZO  additions  up  to 
10  Vol%  and  very  strong  peak  of  Jc(H//ab  in  —  plane)  and 
constant  and  high  Jc(H,0  <  0  <  80°).  Single-target  BZO-2 
Vol%  films  had  slightly  enhanced  Jc(H//c  —  axis),  consistent 
with  results  by  other  authors. 

Index  Terms — Flux  pinning,  nanoparticle,  superconductor,  thin 
film,  YBa2Cu307_x. 


I.  INTRODUCTION 

HE  development  of  high  temperature  superconductor 
YBa2Cu307_<5  (YBCO  or  123)  thin  films  on  polycrys¬ 
talline  substrates  (coated  conductors)  with  Jc  >  1  MA/cm2 
offers  great  promise  for  incorporation  into  power  applications 
such  as  generators  or  motors,  operating  at  77  K  [1]— [5].  YBCO 
has  excellent  properties  at  77  K  including  high  JC(H)  due  to 
strong  flux  pinning.  However  it  is  of  interest  to  increase  JC(H) 
even  further  to  increase  wire  performance  and  reduce  production 
costs  [1],  [2].  For  type-II  superconductors,  it  is  known  that  flux 
pinning  can  be  increased  by  incorporating  a  high  density  of 
extended  non- superconducting  defects  into  the  material  [2]-[4]. 
The  defect  size  should  be  approximately  the  coherence  length 
~2-4  nm  at  4.2-77  K  to  maximize  pinning  [2]-[4]. 
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Many  methods  of  introducing  defects  have  been  consid¬ 
ered  to  increase  flux  pinning  in  YBCO,  and  recent  efforts 
have  focused  on  addition  of  ~3-20  nm  size  nanoparti¬ 
cles  by  multilayer  [5]— [16]  and  single-target  methods  [12], 
[17]— [21].  For  multilayer  (Mn/123m)N  films,  a  number  of  dif¬ 
ferent  second-phase  additions  M  have  been  studied  including 
M  =  green  —  phase  Y2BaCu05  (Y211)  [5]— [12],  Y2O3 

[11] ,  [12],  [14],  [15],  Ce02  [1 1]— [13],  IrZr03  [16],  and  other 
phases  with  negative  effects  on  Tc  and/or  JC(H)  including 
M  =  La211  [11],  [12],  MgO  [11],  [12],  and  Sml23  [12].  For 
(RE123i_xMx)  single-target  films  with  RE  =  Y,  Sm,  and 
other  rare-earths,  a  number  of  materials  have  been  considered 
that  provided  increases  of  flux  pinning  including  M  =  BZO 

[12] ,  [17]— [19],  excess  RE  and  Cu  [21],  and  minute  dopants 
such  as  Tb,  Nd,  and  Pr  [20]. 

For  nanoparticle  M  phase  additions  in  (Mn/123m)N  multi¬ 
layer  films,  both  the  lattice-mismatch  and  chemical  reactivity 
are  understood  to  play  important  roles  to  provide  effective  pin¬ 
ning  centers  [1 1],  [12] .  A  non-reactive  material  is  desired  to  pre¬ 
vent  diffusion  and  poisoning  of  Tc  [11],  [12].  High  lattice-mis¬ 
matched  materials  such  as  Y21 1  (5%)  provide  good  pinning  for 
large  123  layer  spacing  such  as  m  =  10-15  nm,  however  for 
medium  lattice-mismatched  materials  such  as  Y2O3  (—2.5%)  a 
very  thin  Y123  layer  spacing  m  <  5  nm  is  required  to  provide 
significant  increase  of  JC(H)  compared  to  Y 123 -only  reference 
films  [12].  For  very  low  lattice-mismatched  materials  including 
Ce02  and  Sml23  (—0.7%  and  +0.6%,  respectively),  the  de¬ 
crease  of  JC(H  >  0.5  T)  is  almost  10-100  times  compared  to 
Y123-only  regardless  of  the  Y123  layer  spacing  thickness  m, 
which  strongly  suggests  effective  flux  pinning  defects  are  being 
eliminated  with  growth  of  a  too-perfect  film  structure  [1 1]— [13] . 

Because  of  excellent  success  with  high  lattice-mismatched 
materials  such  as  Y21 1  with  ~5%,  it  was  considered  an  impor¬ 
tant  next  step  to  study  pinning  materials  with  similar  or  greater 
lattice  mismatch,  such  as  BZO  (+8.7%)  or  MgO  (+9.6%).  MgO 
was  shown  to  be  highly  reactive  and  cause  a  strong  broadening 
and  decrease  Tc  for  even  low  volume  %  additions  [11],  [12].  In 
contrast  BZO  was  shown  to  be  mostly  non-reactive  and  effec¬ 
tive  for  pinning  in  single-target  films  [12],  [17]— [19]. 

In  this  paper,  M  =  BZO  was  chosen  as  a  next  candidate  to 
study  in  (Mn/123m)N  multilayer  films.  Also  in  this  paper,  the 
properties  of  (BZOn/123m)N  multilayer  films  were  studied  and 
compared  directly  to  (123i_xBZOx)  single-target  films,  to  pro¬ 
vide  a  first-time  comparison  of  same-phase  defect  addition  by 
multilayer  and  single-target  methods.  All  multilayer  films  in  this 
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study  were  ~  0.25  —  0.35  /xm  thickness  to  reduce  thickness-de- 
pendent  variation  of  Jc,  and  also  deposited  on  single  crystal 
substrates  to  provide  a  comparison  to  previous  results  [5]— [16] . 
Excellent  results  for  (123i_xBZOx)  single-target  films  have 
been  published  previously,  however  these  studies  were  done  on 
buffered-metallic  substrates  or  for  >  1  fi m  thick  films  and  could 
not  be  used  for  the  comparisons  studied  herein  [17]— [19] . 

II.  Experimental 

Multilayer  (BZOn/123i5  nm)ig  and  (123i_xBZOx)  films 
were  deposited  by  pulsed  laser  deposition  (PLD),  using  param¬ 
eters  and  conditions  described  in  detail  previously  [5]— [12], 
[22].  Deposition  parameters  were  248  nm  laser  wavelength, 
~  3.2  J/cm2  laser  fluence,  25  nm  pulse  length,  2-4  Hz  laser 
repetition  rate,  5.5  cm  target- to- substrate  distance,  775-790° C 
heater  block  temperature,  83-90%  dense  targets,  300  mTorr 
oxygen  partial-pressure,  and  a  post-deposition  anneal  at  500°  C 
and  1  atmosphere  of  oxygen  [22].  Substrates  were  LaAlOa 
(LAO)  and  SrTiOg  (STO)  100  oriented  single  crystals,  with 
epi-polish.  For  multilayer  films,  an  automated  target  rotation 
and  pulse-triggering  system  was  used  to  control  the  deposition 
sequences,  with  a  period  of  about  13  seconds  during  which  the 
deposition  was  stopped  and  different  targets  were  rotated  into 
position.  The  deposition  rate  for  each  pinning  material  was 
calibrated  prior  to  multilayer  deposition.  The  ‘pseudo-layer’ 
thickness  in  the  multilayer  films  was  calculated  assuming 
smooth  continuous  film  coverage,  although  the  insulating  layer 
in  most  cases  consisted  of  discontinuous  and  discrete  nanopar¬ 
ticles.  Deposition  rates  for  Y123  and  (Y123i_xBZOx)  were 
13-15  nm/min  and  for  BZO  was  30-35  nm/min.  To  obtain  lower 
BZO  deposition  rate  for  multilayer  films  with  BZO  volume 
fraction  <6%,  an  attenuating  lens  was  added  to  reduce  laser 
fluence  by  ~30%.  The  total  film  thickness  was  kept  in  the  range 
of  0.25-0.35  jtim  to  provide  consistent  comparisons.  The  film 
thickness  of  every  sample  was  measured  multiple  times  across 
acid-etched  step-edges  with  a  profilometer  (KLA-Tencor,  PI 5), 
to  obtain  an  average  value. 

The  superconducting  transition  temperature  (Tc)  was 
measured  using  an  AC  susceptibility  technique  with  the  am¬ 
plitude  of  the  magnetic  sensing  field  strength,  h,  varied  from 
0.025-2.2  Oe,  at  a  frequency  of  approximately  4  Hz.  Note  that 
the  AC  susceptibility  technique  provides  information  about 
primary  and  secondary  transitions  of  the  entire  film,  rather  than 
a  defined  path  that  is  obtained  with  transport  Tc  measurements. 
Magnetic  Jc  measurements  were  made  with  a  vibrating  sample 
magnetometer  (VSM)  in  magnetic  field  strengths  of  0  to  9  T, 
and  a  ramp  rate  of  0.01  (T  •  s_1).  The  Jc  of  the  square  samples 
was  estimated  using  a  simplified  Bean  model  Jc  =  15AM/R, 
where  M  is  magnetization/volume  from  M-H  loops,  and  R  is  the 
radius  of  volume  interaction  =  square  side  for  consistency 
[12].  Characterization  of  microstructures  was  performed  with 
scanning  electron  microscopy  in  ultra-high  resolution  mode 
(SEM,  FEI-Sirion).  Transport  Jc  measurements  were  made 
with  microbridges  0.03-0.05  cm  wide  by  0.3  cm  length  by 
4-point  contact  method,  and  with  voltage  criteria  of  1  /xV/cm. 
Microbridges  were  made  by  248  nm  UV  laser  etching  through 
alumina  masks  with  laser  fluence  0.1  J/cm2,  laser  pulse  length 


(b) 

Fig.  1.  Superconducting  properties  of  BZO  films  made  by  single-target  and 
(BZOn/123i5  nm )  i 9  multilayer  structures,  as  a  function  of  BZO  volume  per¬ 
cent  addition.  The  plots  demonstrate  a  significant  difference  between  multilayer 
and  single-target  films,  with  multilayer  films  having  much  less  effect  on  Tc  and 
self-field  Jc  for  significantly  larger  volume  %  BZO  addition,  (a)  Tc  onset  by  ac 
susceptibility.  Tc  transition  widths  for  all  films  were  comparable  in  the  range 
of  1.5  K  to  2  K.  (b)  Self-field  Jc  measured  by  transport  methods. 


25  ns,  and  at  1  Hz.  The  critical  current  was  measured  in  liquid 
nitrogen  at  77.2  K.  Current  was  applied  to  the  sample  by  a 
step-ramp  method:  a  current  step  interval  of  0.2-0. 5  s,  a  ramp 
rate  of  0.25-1.0  A/s,  and  a  voltage  sample  period  2-4  times 
smaller  than  the  current  step  interval.  The  maximum  current 
step  size  was  0.1  A. 


III.  Results 

The  effect  of  BZO  addition  on  Tc  and  self-field  Jc(Jc_sf) 
are  shown  in  Fig.  1,  for  both  multilayer  and  single-target  films. 
As  seen  in  Fig.  1,  BZO  addition  for  single-target  films  had  a 
strong  negative  effect  with  both  Tc  and  Jc-Sf  decreasing  al¬ 
most  linearly  with  increasing  volume  %  addition  of  BZO.  It  is 
possible  to  correlate  the  decrease  of  Jc_sf  with  the  decrease  of 
Tc,  however  the  Tc  transitions  were  still  narrow  about  1.5-2  K 
for  BZO-2  Vol%  addition,  so  it  is  assumed  other  mechanisms 
are  affecting  Jc_sf  such  as  decreasing  superconducting  volume 
fraction,  cation  disorder,  or  slight  poisoning. 
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(d) 


Fig.  2.  SEM  micrographs  ofl23+BZO  film  surfaces,  obtained  with  ultra-high 
resolution  focus  at  150,000  x  magnification.  Insulating  phases  are  (white  or 
lighter)  color  from  enhanced  surface  charging  and  emission  of  imaging  elec¬ 
trons.  Note  the  unusual  decoration  of  ledges  in  (c)  and  (d).  Because  of  different 
lattice-mismatch  and  epitaxy  mechanism,  BZO  has  different  island-growth 
than  211,  Y2O3,  or  Ce02  forming  ~35%  smaller  nanoparticle  size  and 
~  3  —  4x  higher  areal  number  densities  [5],  [6],  [14].  Nanoparticle  size  = 
7.5  nmAvg  d=  2.2  nmStdev  for  (c)  and  8.8  nmAvg  ±3.5  nmStdev  for  (d),  and 
areal  number  densities  =  4.9  X  10 11  nanoparticles»cm-2  for  (c)  and 
3.4  x  1011  nanoparticles  •  cm-2  for  (d).  (a)  (1230.98BZOo.o2)/LAO;  (b) 
(BZOl.e  nm/l23i5  nmWSTO;  (c)  (BZO1.0  nm/l23i5  nm)l9/STO;  (d) 
(BZO0.7nm/l2315  nm  WLAO. 


In  contrast  to  single-target  films,  multilayer  films  showed 
almost  no  decrease  of  Tc  and  Jc-Sf  even  with  large  BZO 
volume  fraction  additions  up  to  10%.  The  reason  for  the  strong 
difference  for  multilayer  films  especially  of  Tc  is  unknown, 
however  possibly  is  a  result  of  less  Zr  diffusion  and  poisoning. 
Maintaining  almost  maximum  Jc_sf  for  large  BZO  coverage 
~1.4  nm  (10  Vol%)  is  significantly  different  from  previous 
studies  of  (Ce02/123)N  multilayer  structures,  where  Jc-Sf 
reduced  almost  to  1-2  MA/cm2  for  similar  insulating  layer 
coverage.  The  difference  of  these  results  is  that  BZO  with 
lattice  mismatch  +8.7%  may  cause  stress  related  defects  that 
increase  Jc,  whereas  Ce02  is  a  very  close  lattice  mismatch 
—0.7%  which  makes  the  YBCO  growth  too  perfect  and  reduces 
Jc  because  of  decrease  of  pinning  defects. 

The  effect  of  BZO  additions  on  microstructures  is  shown  in 
Fig.  2  for  both  single-target  and  multilayer  films,  as  imaged  by 
SEM  on  film  surfaces  at  high  1 50,000  x  magnification.  Small 
nanoparticles  <5  nm  size  with  high  volumic  number  density 
were  observed  for  BZO-2  Vol%  in  single-target  films,  consistent 
with  previous  authors  [17]— [19].  For  multilayer  (BZO/123)n 
films,  as  the  BZO  surface  layer  coverage  increased  from  0.7  nm 
to  1 .0  nm  the  nanoparticle  formations  increased  in  areal  number 
density  ~35%  while  maintaining  approximately  the  same  size 
of  7-9  nm.  As  the  BZO  ‘pseudo-layer’  thickness  increased  to 
1.6  nm,  the  nanoparticle  size  increased  significantly  simulta¬ 
neous  with  a  decrease  of  areal  number  density  ~35%.  For  mul¬ 
tilayer  films  with  BZO  n  =  1.0  nm  the  average  nanoparticle 
size  was  small  =  7.5  nm,  and  the  areal  number  density  was 
very  high  =  5  x  1011  nanoparticles  •  cm-2  which  was  ~3-4 
times  greater  than  areal  number  densities  for  optimized  Y2O3  or 
Y21 1  monolayers  [5],  [6],  [14].  This  indicates  the  island-growth 
formation  mechanisms  are  significantly  different  for  BZO  than 
Y21 1  or  Y2O3.  This  growth  difference  may  have  advantages  to 
increase  pinning  uniformity  or  strength. 

The  effect  of  BZO  additions  on  JC(H,  65  K  —  77  K)  were 
measured  by  magnetic  and  transport  methods  in  Fig.  3  and 
Fig.  4,  respectively.  As  shown  in  Fig.  3,  for  (BZO/123)n 
multilayer  films  the  lowest  coverage  of  BZO  tested  thus  far 
(BZO  =  0.7  nm  or  4  Vol%)  had  the  highest  Jc(H//c  —  axis). 
This  is  consistent  with  previous  studies  of  (M/123)n  films, 
where  minimization  of  the  M  surface  coverage  was  nec¬ 
essary  to  maximize  Jc(H//c  —  axis)  [11],  [13].  In  Fig.  3, 
JCm(H/ /c  —  axis)  properties  of  a  (123o.9sBZOo.o2)  film  com¬ 
pared  to  (BZO/ 123) n  films  were  slightly  better  at  65  K  and 
noticeably  higher  at  77  K  for  H  >  3  T.  Trends  of  Jc(77  K,  Ft)  in 
Fig.  3  for  magnetic  measurements  were  also  confirmed  by  trans¬ 
port  measurements  in  Fig.  4.  For  multilayer  films  the  smallest 
BZO  layer  tested  (BZO  =  0.9  nm)  had  the  highest  Jct(H) 
properties.  Compared  to  a  (123o.9sBZOo.o2)  film  this  best 
multilayer  film  had  slight  enhancement  of  Jc(77  K,  H  <  4  T) 
but  was  reduced  for  Jc(77  K,  H  >  4  T). 

The  angular  dependence  of  JC(H  =  1  T)  was  studied  for  both 
multilayer  and  single-target  films  in  Fig.  5.  In  Fig.  5,  a  BZO-2 
Vol%  single-target  film  had  a  slightly  enhanced  Jc  (H//c — axis) 
peak,  consistent  with  results  by  previous  authors  [17]— [19].  The 
JC(H/ /ab  —  plane)  for  the  (BZO/123)n  multilayer  film  was 
quite  high  and  about  3  x  higher  than  measurements  for  a  similar 
(21 1/123) n  multilayer  film.  We  believe  this  provides  evidence 
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Fig.  3.  Critical  current  density  measured  by  magnetic  methods  for  varying 
BZO  Vol  %  addition:  (upper)  single-target  (123i_xBZOx)  films,  and 
(lower)  (BZOn/123)ig  multilayer  films.  Despite  lower  self-field  Jc, 
single-target  (123i_xBZOx)  films  generally  have  increased  JC(H)  compared 
to  (BZOn/123)ig  multilayer  films .  However  (BZO/123)N  multilayer  films 
have  not  been  fully  optimized  yet,  as  lower  BZO  content  could  potentially 
further  increase  JC(H).  Results  of  Jcm(H)  were  consistent  for  both  LAO  and 
STO  substrates. 
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Fig .  4.  Critical  current  density  measured  by  transport  methods  at  77  K.  Relative 
trends  of  Jc  (H)  measured  by  magnetic  methods  in  Fig.  3  are  further  confirmed. 
The  JC(H)  for  the  (BZO0.9  nm/123i4  nm)i9  multilayer  film  is  higher  than 
(123i_xBZOx)forH  <  4T  mostly  because  of  increased  self-field  Jc  ~ 
4  MA/cm2  compared  to  ~  2  MA/cm2.  For  multilayer  films,  surface  layer 
coverage  for  BZO  ~  1.6  nm  (BZO  —  Vol%  =  9.6%)  is  too  high  which 
reduces  JC(H)  compared  to  BZO  ~  0.9  nm. 
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Fig.  5.  Critical  current  density  for  Happi  =  1  T  as  a  function  of  H  incidence 
angle:  6  —  0  for  H//c-axis.  Jc(l  T ,6*  =  90°)  for  (BZO0.9  nm/123i4  nm)i9 
multilayer  film  (BZO  —  Vol%  =  6.1%)  is  ~  3x  higher  than  a  similar 
multilayer  with  Y211  instead  of  BZO.  Enhancement  of  the  c-axis  peak  for 
(1234_xBZOx)  is  consistent  with  results  of  previous  authors  [17]— [19]. 


the  nanoparticle  coverage  is  more  uniform  and  consistent  for 
BZO  than  211. 

IV.  Conclusions 

It  was  demonstrated  that  BZO  nanoparticle  additions  by 
multilayer  or  single-target  methods  had  strong  and  somewhat 
surprisingly  different  effects  on  superconducting  properties 
including  Tc,  self-field  Jc,  and  JC(H,  T,  6)  as  measured  by 
both  transport  and  magnetic  methods.  Addition  of  BZO  in 
(123i_xBZOx)  single-target  films  strongly  decreased  Tc  and 
self-field  Jc  almost  linearly  with  BZO-Vol%  addition.  By  com¬ 
parison  BZO  additions  up  to  10  Vol%  in  (BZOn/123i5  nm)i9 
multilayer  films  had  almost  no  effect  on  Tc  and  self-field  Jc. 
However  despite  lower  Tc  and  self-field  Jc,  JC(H  >  4  T) 
was  increased  significantly  for  single-target  BZO-2  Vol% 
compared  to  BZO-4-6  Vol%  multilayer  films.  Optimization 
of  (BZO/123)n  multilayer  films  has  not  been  completed, 
requiring  further  reduction  of  BZO  layer  coverage  and  opti¬ 
mization  of  123  layer  thickness. 

Surface  layer  coverage  of  the  M  insulating  layer  of  (M/123)n 
multilayer  films  was  significantly  different  for  M  =  BZO  than 
M  =  Y211  and  Y2O3  studied  previously  [5]— [12],  with  small 
nanoparticle  size  ~8  nm  and  ~3-4  times  higher  nanoparticle 
areal  number  density  achieved  (5  x  1011  nanoparticles  •cm-2) 
for  BZO.  This  different  layer  coverage  could  have  impor¬ 
tant  advantages  for  improving  flux  pinning  uniformity  and 
strength,  as  already  demonstrated  by  a  ~  3x  increase  of 
Jc(H//ab  —  plane)  in  this  study.  Further  testing  and  optimiza¬ 
tion  may  demonstrate  additional  advantages. 
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